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ABSTRACT 

A s imple ,  single-module unmanned Mars Roving Vehicle  
(MRV) w i t h  f l e x i b l e  metal t o r o i d a l  hoop-spoked wheels i s  pro- 
posed and analyzed.  Concentrat ing g ross  weight over  t h e  two 
i n d i v i d u a l l y - c o n t r o l l e d  r e a r  t r a c t i o n  wheels f a c i l i t a t e s  
wagon s t e e r i n g  and o b s t a c l e  n e g o t i a t i o n ,  and permi ts  t u r n i n g  
and maneuverab i l i t y  w i t h i n  a small area. A remote-cont ro l led  
model based on s i m i l i t u d e  has been designed and f a b r i c a t e d  t o  
s i m u l a t e  on e a r t h  t h e  s t a t i c  and dynamic responses  of t h e  f u l l -  
s i z e  v e h i c l e  on Mars. 
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1. INTRODUCTION 

The wheel,  man's most c e l e b r a t e d  i n v e n t i o n ,  w i l l  undoubt- 
e d l y  f i n d  i t s  way t o  t h e  moon d u r i n g  t h i s  new decade, on bo th  
a s t r o n a u t - d r i v e n  and remote-control led v e h i c l e s .  
i n g l y ,  b e f o r e  t h e  end of  t h e  1970 ' s ,  a man-made v e h i c l e  may be 
logg ing  m i l e s  on Mars! NASA's p lans  f o r  l and ing  an  ins t rument  
package on t h e  Red P l a n e t  i n  1975 may pave t h e  way f o r  sending  
a n  unmanned r o v e r  t h e r e  t o  snoop around i n  1979. 

More s u r p r i s -  

S t a r t i n g  i n  September, 1969, r e s e a r c h  w a s  i n i t i a t e d  t o  
d e s i g n  an unmanned rov ing  v e h i c l e  fo r  t h e  s u r f a c e  e x p l o r a t i o n  
of Mars. Three simultaneous approaches were a t tempted .  F i r s t ,  
a thorough s tudy  w a s  made  of t h e  Lunar Roving Vehic le  (LRV) 
d e s i g n s  be ing  developed f o r  NASA by s e v e r a l  c o r p o r a t i o n s .  Th i s  
su rvey  made apparent  t h e  many problems a s s o c i a t e d  wi th  develop- 
ment o f  a l i g h t w e i g h t ,  high r e l i a b i l i t y ,  extremely v e r s a t i l e  
v e h i c l e ;  it a l s o  helped prevent any d u p l i c a t i o n  of e f f o r t .  
Secondly,  many a l t e r n a t i v e  schemes t o  a wheeled v e h i c l e  were 
cons ide red ,  w i t h  subsequent a n a l y s i s  and o p t i m i z a t i o n  of t h e  
most promising des igns .  Thi rd ly ,  accumulat ion of a l l  a v a i l a b l e  
environmental  d a t a  on t h e  Mar t ian  s u r f a c e  and atmosphere w a s  
begun t o  h e l p  d e f i n e  t h e  des ign  l i m i t a t i o n s  f o r  t h e  v e h i c l e .  

2. MRV CONFIGURATION 

2.1 LRV Designs 

While s e v e r a l  of  t h e  LRV des igns  proposed t o  NASA by 
v a r i o u s  companies a r e  w e l l  developed,  f e a t u r i n g  many 
c r e a t i v e  and unique ideas, they  a l l  have c e r t a i n  c h a r a c t e r -  
i s t i c s  i n  common. Battery-powered e l e c t r i c  motors mounted 
i n  each wheel provide t h e  v e h i c l e  propuls ion  system. 
The unmanned, o r  dual-mode (manned/unmanned) c o n f i g u r a t i o n s  
c o n s i s t  of s i x -  and eight-wheeled segmented v e h i c l e s  : 
two o r  t h r e e  e l a s t i c a l l y  coupled modules forming a cater-  
p i l l a r  t y p e  v e h i c l e .  (See F i g u r e  1). The primary 
advantages of such a des ign  are i t s  a b i l i t y  t o  conform t o  
t h e  t e r r a i n ,  t h e  r educ t ion  o f  peak power requirements  . 

d u r i n g  o b s t a c l e  n e g o t i a t i o n ,  and i t s  s t a b i l i t y .  The major 
d i sadvantages  a s soc ia t ed  wi th  t h i s  approach are i t s  l a r g e  
t u r n i n g  r a d i u s  and t h u s  l i m i t e d  maneuverabi l i ty  t h e  l o s s  
o f  t h r u s t  t h a t  occurs  i f  one o r  more wheels l o s e s  t r a c t i o n  
d u r i n g  o b s t a c l e  n e g o t i a t i o n ,  and t h e  i nc reased  complexity 
and a s s o c i a t e d  loss of r e l i a b i l i t y  of t h e  segmented con- 
f i g u r a t i o h .  For  t h e s e  r easons ,  a u n i f i e d  c o n f i g u r a t i o n  was 
sought  w i t h  g r e a t e r  maneuverabi l i ty  and less complexi ty .  
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2.2 Dragster Conf igura t ion  

Attempting t o  adapt  s e v e r a l  ea r th -use  v e h i c l e s  t o  
t h e  demanding s p e c i f i c a t i o n s  of  a Mars rov ing  v e h i c l e  (MRV) 
l e d  t o  t h e  c o n f i g u r a t i o n  which i s  now t h e  b a s i s  f o r  ou r  
MRV. Two major r e s t r i c t i o n s  f o r  t h e  e x p l o r a t i o n  v e h i c l e  
are t h a t  it be l i gh twe igh t  and achieve  good t r a c t i o n .  
Optimizing t h e s e  parameters r e s u l t s  i n  a maximum-accelera- 
t i o n  v e h i c l e  : the  "dragster"! This  h igh  performance 
e a r t h  machine concen t r a t e s  i t s  weight over  t h e  rear 
t r a c t i o n  wheels ,  ach iev ing  t h e  maximum normal force over  
i t s  d r i v e  wheels,  while  main ta in ing  t h e  minimum v e h i c l e  
mass. 
t u r n i n g  s t a b i l i t y ,  and cus tomiz ing  c e r t a i n  o t h e r  f e a t u r e s  
l e a d s  t o  t h e  MRV c o n f i g u r a t i o n  of  F igu re  2 .  

I n c r e a s i n g  t h e  wheel span t o  improve s i d e  s l o p e  and 

The two rear  wheels are i n d i v i d u a l l y  d r i v e n  by hub- 
mounted e l e c t r i c  motors; t h e  l i g h t e r ,  unpowered f r o n t  
wheels are used f o r  s t e e r i n g .  The a l l - m e t a l  wheels a r e  
f l e x i b l e  t o  provide a l a r g e  f o o t p r i n t  f o r  t r a c t i o n ,  and 
cushion  t h e  v e h i c l e ' s  ins t rument  package from high- 
f requency d i s tu rbances .  

2 .3  Comparative Analysis  o f  MRV 

While t h e  u s e  o f  t w o  d r i v e n  wheels,  i n s t e a d  o f  t h e  

r e l i a b i l i t y  i n  case of f a i l u r e  of a s i n g l e  wheel d r i v e ,  
t h e r e  are s e v e r a l  advantages.  
provide p r o p o r t i o n a t e l y  more powerful,  more s o p h i s t i c a t e d  
and t h u s  h ighe r  r e l i a b i l i t y  e l e c t r i c  motors i n  each  wheel 
hub. S ince  t h e  two d r i v e  whee l s  suppor t  80% o f  t h e  
v e h i c l e  weight ,  t h e  maximum t r a c t i o n  produced by t h e  two 
l a r g e r  motors and wheels can  be n e a r l y  equa l  t o  t h a t  of 
t h e  s i x  d r i v e  wheels i n  t h e  LRV'S. 
beam i s  a r t i c u l a t e d  l a t e r a l l y  t o  c o n s t a n t l y  ma in ta in  t h e  
two d r i v e  whee l s  of t h e  MRV i n  c o n t a c t  w i t h  t h e  s u r f a c e ;  
however, whi le  t h e  LRV segmentat ion maximizes t h e  s u r f a c e  
c o n t a c t  of a l l  s i x  wheels,  one o r  more wheels can l o s e  
c o n t a c t  d u r i n g  o b s t a c l e  n e g o t i a t i o n ,  a t  t h e  t i m e  when 
maximum t r a c t i o n  i s  r equ i r ed .  

. segmented v e h i c l e s '  s i x  appears  t o  reduce  t h e  miss ion  

The weight t hus  saved can 

The f r o n t  s t e e r i n g  

The o v e r a l l  dimensions of  t h e  LRV'S would have t o  be 
reduced o r  t h e  v e h i c l e  s t r u c t u r a l  weight i nc reased  f o r  
a p p l i c a t i o n  on Mars, where t h e  a c c e l e r a t i o n  of g r a v i t y  i s  
more t h a n . t w i c e  as l a r g e  a s  on t h e  moon. 
s imi la r  v e h i c l e  weights ,  t h e  s impler  d r a g s t e r  c o n f i g u r a t i o n  
p e r m i t s  l a r g e r  wheels ;  s i n c e  both  v e h i c l e s  are  l i m i t e d  t o  
c r e v a s s e  type  o b s t a c l e s  w i th  no g r e a t e r  width t h a n  t h e  
v e h i c l e ' s  wheel  d iameter ,  t h e  MRV can n e g o t i a t e  w i d e r  
c r e v a s s e s .  The l a r g e r  MRV wheels,  l i m i t e d  t o  s t e p s  less 

Main ta in ing  
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t h a n  t h e i r  r a d i u s ,  allow t h e  MRV t o  match t h e  segmented 
LRV'S unique push-pull  s t e p  climbing c a p a b i l i t y .  
f r o n t  wheels are pushed over  o b s t a c l e s  as shown i n  
F i g u r e  3.  
must be such t h a t  t h e  v e r t i c a l  component of  t h e  r e a c t i o n  
f o r c e ,  R,  exceeds t h e  weight ,  W, supported by t h e  wheel. 
The rear wheels must engage t h e i r  c l ea t s ,  and apply  to rque  
greater t h a n  t h e  couple formed by t h e  r e a c t i o n  force, R, 
and t h e  supported w e i g h t ,  W. 

The 

The f o r c e ,  F ,  o f  t h e  v e h i c l e  pushing t h e  wheel 

The en larged  wheels provide  a smoother r i d e  a t  h i g h e r  
speed and reduce t o t a l  power requi rements  by r educ ing  t h e  
number of  small  i n d e n t a t i o n s  t h e  wheels must d rop  i n t o  and 
c l imb o u t  o f .  The l a r g e r  wheels a l s o  i n c r e a s e  t h e  ground 
c l e a r a n c e  of t h e  v e h i c l e ' s  frame. 

S e v e r a l  o t h e r  advantages are incu r red  wi th  t h e  
a d a p t a t i o n  of t h i s  c o n f i g u r a t i o n .  The u n i t i z e d  payload 
reduces  v e h i c l e  w e i g h t  by r e q u i r i n g  a s i n g l e  suppor t  frame, 
e l i m i n a t i n g  segment coupl ings and communication l i n k s  
between segments. The compact form f a c i l i t a t e s  stowage 
i n  and deployment from t h e  l and ing  c r a f t .  A d i sadvan tage  
of  t h i s  f e a t u r e  i s  t h e  a d d i t i o n a l  i n s u l a t i o n  and c o o l i n g  
a p p a r a t u s  necessary  t o  d i s s i p a t e  generated h e a t  from 
c l o s e l y  packed components. However, c o n s o l i d a t i n g  most 
components would s impl i fy  p r o t e c t i o n  of  t h e  payload from 
t h e  h o s t i l e  M a r t i a n  surroundings ( r a d i a t i o n ,  h e a t ,  d u s t ,  
e tc . ) .  

The l i g h t e n e d  load on t h e  f r o n t  s e c t i o n  of  t h e  v e h i c l e  
f a c i l i t a t e s  s t e e r i n g ,  and a l lows  t h e  f r o n t  wheels t o  s e r v e  
as a mechanical o b s t a c l e - d e t e c t i o n  system. The 360° wagon 
s t e e r i n g  system, used i n  con junc t ion  wi th  t h e  s e p a r a t e  
d r i v e s  of  t h e  rear wheels, a l lows  t h e  v e h i c l e  t o  t u r n  
about  t h e  midpoint of  t h e  rear  wheel span,  an impor tan t  
maneuverabi l i ty  f e a t u r e .  (See F igu res  4 .b ,  and 5 ) .  When 
t u r n i n g  as shown i n  Figure 4 . a . ,  t h e  r a t i o  of  t h e  r i g h t  
wheel speed t o  t h e  l e f t  wheel s p e e d  must e q u a l  A : B .  Thus, 
i n  t h e  case shown i n  Figure 4 .b . ,  t h i s  r a t i o  i s  -1. Th i s  
s t e e r i n g  s y s t e m  e l i m i n a t e s  s c u f f i n g ,  p e r m i t t i n g  t h e  wheels 
t o  be eas i ly  turned when t h e  v e h i c l e  i s  a t  res t ,  as w e l l  
as when moving. T h i s  he lps  prevent  t h e  wheels from 
becoming wedged when on rough t e r r a i n .  A s i n g l e  yoke and 
and b e a r i n g  s y s t e m  i s  provided a t  t h e  c e n t r a l  s t e e r i n g  hub. 

Havizlg t h e  same t r ead  width a n d  d i a m e t e r  a s  t h e  
rear wheels ,  t h e  l i g h t e r  f r o n t  wheels can  d e t e c t  and measure 
o b s t a c l e s  f o r  t h e  advancing v e h i c l e .  Should t h e  f r o n t  
w h e e l s  encounter  a n  unobserved non-negot iable  s t e p  o r  
c r e v a s s e ,  f o r  i n s t ance ,  t h e  weighted rear  t r a c t i o n  wheels 
could e a s i l y  withdraw t h e  l i g h t  forward s e c t i o n  and t h e  
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v e h i c l e  could proceed a long  an  a l t e r n a t e  path. Since 
t h e  f r o n t  wheels are extended t h e  maximum d i s t a n c e  from 
t h e  v e h i c l e ' s  c e n t e r  o f  g r a v i t y ,  t h e i r  t r a n s m i s s i o n  of 
v i b r a t i o n  and shock t o  t h e  payload i s  minimized, t h u s  
s i m p l i f y i n g  t h e  f r o n t  end suspens ion  system. Cleat- 
mounted p e n e t r a t i o n  sensors  would allow t h e  l i g h t e r  f r o n t  
wheels t o  d e t e c t  a s u r f a c e  t o o  s o f t  t o  suppor t  t h e  h e a v i e r  
rear s e c t i o n .  

The rear-mounted payload has sugges ted  a unique 
maneuver which only  t h i s  rove r  can perform. By p e r m i t t i n g  
t h e  l i gh t -we igh t  forward s t r u c t u r e  t o  p i v o t ,  t h e  rear 
s e c t i o n  of t h e  v e h i c l e  can be t i l t e d  t o  any d e s i r e d  ang le ,  
over  a range of 7 5 O .  This  o p e r a t i o n  can  be used t o  s h i f t  
t h e  c e n t e r  of  g r a v i t y  behind t h e  rear wheels caus ing  t h e  
v e h i c l e  t o  t i p  back onto a rear-mounted swive l  wheel, as 
shown i n  F igu res  6 and 7 .  The f r o n t  s e c t i o n  may now be 
extended upward improving t h e  three-wheel  s t a b i l i t y ,  
i l l u s t r a t e d  i n  F igures  6 and 8. With t h e  f r o n t  s e c t i o n  
t h u s  r a i s e d  above any nearby o b s t a c l e s  t h e  v e h i c l e  can 
r o t a t e  completely around i n  an  extremely confined area, a 
c i r c l e  of  r a d i u s  equal  t o  h a l f  t h e  rear  wheel span ,  a l low- 
i n g  i t  t o  f i n d  a less dangerous r o u t e .  (See F igu re  4 . c ) .  
The rear wheel swive l  b e a r i n g  mount a l lows  t h e  i n d i v i d u a l l y  
d r i v e n  t r a c t i o n  wheels t o  maneuver t h e  t i l t e d  v e h i c l e  i n  a 
s t r a i g h t  l i n e  a s  w e l l  as  t u r n i n g  i t .  Return ing  t h e  v e h i c l e  
t o  i t s  normal four-wheel mode r e q u i r e s  t h e  fo l lowing  
o p e r a t i o n :  lower t h e  f r o n t  s e c t i o n  t o  b r i n g  t h e  f r o n t  
wheels c l o s e  t o  t h e  surface,  tilt t h e  v e h i c l e  forward 
u s i n g  t h e  hinged swivel  wheel s t r u t  as a j a c k  u n t i l  t h e  CG 
i s  a g a i n  ahead o f  t h e  r e a r  wheels,  and f i n a l l y  extend t h e  
f r o n t  s e c t i o n  t o  t h e  normal p o s i t i o n .  

The p ivoted  v e h i c l e  body a l s o  permi ts  t h e  v e h i c l e  t o  
ma in ta in  a l e v e l  payload over  a s p e c i f i e d  range of f o r e -  
and a f t - s l o p e s ,  as shown i n  f i g u r e s  9 .a .  and 9.b.  This  
f e a t u r e  i n c r e a s e s  s t a b i l i t y  on s t eady  up-grades and 
improves t r a c t i o n  f o r  b rak ing  on down-grades. F i g u r e  9.c.  
i l l u s t r a t e s  s ide - s lope  s t a b i l i t y .  I f  d e s i r e d  a s i n g l e  
p i v o t  can be added t o  t h e  r e a r  suspens ion  t o  permit  l e v e l -  
i n g  of  t h e  payload on sma l l  s i d e - s l o p e s  as w e l l ,  r educ ing  
payload o r i e n t a t i o n  r e s t r i c t i o n s .  T h i s  would r e q u i r e  t h e  
v e h i c l e  body t o  be s l o p e d  on t h e  unde r s ide  t o  ma in ta in  a 
c o n s t a n t  ground c learance .  (See F i g u r e  9 . d ) .  

The l o c a t i o n  of t h e  c e n t e r  of g r a v i t y  of t h e  MRV i s  
q u i t e  c r i t i c a l  t o  i t s  o p e r a t i o n .  The d e s i g n  i s  based on 
t h e  d r a g s t e r  c o n f i g u r a t i o n ,  and t h e r e f o r e  must c o n c e n t r a t e  
i t s  weight over  t h e  r e a r  d r i v e  wheels  t o  provide t h e  maxi- 
mum t r a c t i o n .  However, t o  r e t a i n  t h e  necessary  margin of 
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s t a b i l i t y  f o r  c l imbing s t e p s  (see F igure  3) t h e  c e n t e r  
of g r a v i t y  (CGT) of t h e  MRV must be forward o f  t h e  rear 
wheel a x i s  by a d is tance  o f  a t  l ea s t  one wheel r a d i u s ,  as 
shown by A i n  F igu re  10.a. This  scale below t h e  v e h i c l e  
r e p r e s e n t s  t h e  percentage o f  weight c a r r i e d  by t h e  rear 
t r a c t i o n  wheels.  If t h e  CG were l o c a t e d  a t  more t h a n  
85%, t h e  s i z e  of t h e  s t e p  w E i c h  can  be  n e g o t i a t e d  s a f e l y  
would be diminished.  

The c e n t e r  of g r a v i t y  must a l s o  meet t h e  r e s t r i c t i o n s  
imposed by t h e  t i l t - b a c k  maneuver. The weight must be 
d i s t r i b u t e d  i n  such a way t h a t  t h e  c e n t e r  o f  g r a v i t y  of  
t h e  e n t i r e  v e h i c l e ,  e x c e p t  f o r  t h e  rear wheels and t h e  
outer s e c t i o n  of  t h e  d r i v e  motors f i x e d  t o  them, (CGbf) 
w i l l  be d i r e c t l y  over  t h e  rear  wheel a x i s  when t h e  v e h i c l e  
body i s  t i l t e d  t o  a prescr ibed  ang le .  
f a c t o r s  which complicate  t h e  d e t e r m i n a t i o n  o f  t h e  CGbf. 
F i r s t ,  as t h e  v e h i c l e  body t i l t s  back s h i f t i n g  more 
weight over  t h e  rear wheels,  t h e  wheel d e f l e c t i o n  
i n c r e a s e s ,  changing t h e  a n g l e  of  t h e  v e h i c l e  body 
s l i g h t l y .  Also t h e  t i l t i n g  of t h e  body loads  t h e  h o r i z o n t a l  
d e f l e c t i o n  s p r i n g s  as c a n t i l e v e r s ,  and r e l i e v e s  t h e  load 
on t h e  v e r t i c a l  d e f l e c t i o n  s p r i n g s ,  s h i f t i n g  t h e  v e h i c l e  
body c l o s e r  t o  t h e  r e a r  wheel a x i s .  And t h i r d l y ,  t h e  
t i l t - b a c k  maneuver changes the  v e h i c l e  c o n f i g u r a t i o n  
c a u s i n g  t h e  CGbf t o  change p o s i t i o n  s l i g h t l y  ( 5 b ) .  The 
dashed l i n e s  i n  Figure 10 .a .  show t h e  p o s i t i o n  o f  
t h e  s u r f a c e  and r e a r  wheels wi th  respect t o  t h e  v e h i c l e  

b f  ’ body and t h e  s h i f t e d  CG 

CGbf, and knowing t h e  proximity of  t h e  C G f ,  t h e  c e n t e r  of  
g r a v i t y  of t h e  veh ic l e  body, CGb, may be determined.  
Twenty-five degree  planes,  which maximize ground c l e a r a n c e  
on s l o p e s ,  form t h e  l o w e r  bounds on t h e  v e h i c l e  body space 
a l l o c a t i o n .  
provides  an  approximate body c o n f i g u r a t i o n ,  assuming a 
c o n s t a n t  weight d e n s i t y  i n  t h e  p lane  o f  F igu re  10.a .  
t h e  upper boundary of  t h e  v e h i c l e  body i s  not  a s t r ic t  
l i m i t  provided t h e  center of  g r a v i t y  l o c a t i o n  i s  maintained.  
It seems l o g i c a l  t h a t  t h e  h e a v i e r  e lements  t o  be c a r r i e d  
w i t h i n  t h e  v e h i c l e  body would be mounted low t o  ba lance  t h e  
l i g h t e r  bu t  e l e v a t e d  nav iga t ion  and communication antennae 
and cameras. 

There are t h r e e  

d u r i n g  t h e  t i l t - b a c k  maneuver. 

Having thus  s p e c i f i e d  t h e  l o c a t i o n s  of t h e  CGT and 

Completing t h e  pa ra l l e log ram about  t h e  CGb 

Thus, 

The diagram (Figure 10 . a )  a l s o  i l l u s t r a t e s  t h e  range 
through which t h e  MRV can be t i l t e d  on l e v e l  ground, wi th-  
o u t  a d j u s t i n g  t h e  body angle ,  and s t i l l  r ema in  s t a b l e .  If 
t h e  v e h i c l e  i s  j u s t  s t a r t i n g  t o  c l imb t h e  maximum s i z e  
s t e p  o b s t a c l e  (both r e a r  wheels s imul t aneous ly :  t h i s  i s  t h e  
h o r s t  case f o r  s t a b i l i t y )  t h e  v e h i c l e  body could t ilt  
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approximately 1 4 O  and remain s t a b l e  (CGT moving t o  B ) ,  On 
l e v e l  ground t h e  body could t ilt  approximately 4 5 O  without  
t i l t i n g  back (CGT moving t o  C ) .  O f  c o u r s e ,  t h e  au tomat ic  
l e v e l i n g  c o n t r o l  should prevent  t h e  v e h i c l e  body from 
t i l t i n g  back beyond 5O - 10' a t  most ove r  g r a d u a l l y  chang- 
i n g  s l o p e s ;  and t h e  f r o n t  suspens ion  should  damp o u t  any 
shock which might cause t h e  body t o  l u r c h  back. 

S t a b i l i t y  i n  t h e  three-wheel  mode is  shown i n  
F i g u r e  10.b.  The dashed l i n e s  bound t h e  area of s t a b i l i t y  
over  which t h e  CGb must  remain. Should t h e  c e n t e r  of 
g r a v i t y  s h i f t  ahea 5 of t h e  rear  wheels ,  t h e  v e h i c l e  would 
merely r e t u r n  t o  t h e  four-wheel mode, t h e  f r o n t  suspens ion  
p r o t e c t i n g  t h e  v e h i c l e  from any shock. However, i f  t h e  
CGbf s h i f t s  a f t  of e i t h e r  o f  t h e  o t h e r  two s t a b i l i t y  
bounds, t h e  v e h i c l e  could o v e r t u r n ,  ending  t h e  mission.  
The re fo re ,  t h e  center o f  g r a v i t y  i s  l o c a t e d  a s  c l o s e  t o  
t h e  forward s t a b i l i t y  l i m i t  as p o s s i b l e .  A s  t h e  f r o n t  
wheels are l i f t e d  from t h e  s u r f a c e  t h e  CGbf s h i f t s  from 
5b t o  5a  t o  5c ,  i n  F igure  10.b,  i n c r e a s i n g  t h e  s t a b i l i t y  
i n  t h e  three-wheel  mode wi th  respect t o  t i p p i n g  forward. 
I n  t h e  maximum p o s i t i o n  a t  5c ,  t h e  v e h i c l e  can o p e r a t e  on 
a down-slope of up t o  100 without  v i o l a t i n g  t h e  forward 
s t a b i l i t y  l i m i t ;  an e f f e c t i v e  s l o p e  p a r a l l e l  t o  one of  t h e  
rear s t a b i l i t y  l i m i t s  can  be t o l e r a t e d  up t o  2 7 O .  

MRV FLEXIBLE TOROIDAL WHEEL 

During t h e  cour se  o f  des ign  and development of t h e  Mars 
Roving Vehic le  a unique f l e x i b l e  wheel d e s i g n  has  been proposed. 
T h i s  al l-metal ,  f l e x i b l e  " to ro ida l "  wheel has  c e r t a i n  advantages 
ove r  h e r e t o f o r e  proposed f l e x i b l e  wheels.  

The d e s i g n  c o n s i s t s  of a f l e x i b l e  metal  r i m  suspended from 
t h e  hub by means o f  f l e x i b l e  metal hoops, t u rned  90° from t h e  
p lane  o f  t h e  r i m .  (F igure  11). F l e x i b l e  j o i n t s ,  p a r a l l e l  t o  
t h e  wheel a x l e ,  between the  hoop-spokes and t h e  r i m ,  reduce any 
moments t r a n s m i t t e d  t o  t h e  i n d i v i d u a l  hoops, and thus  a l low t h e  
l a r g e  f o o t p r i n t  necessary  f o r  t r a c t i o n :  

F l e x i b l e  wheels have been proposed by Bendix Corpora t ion  
and Chrys l e r  Corpora t ion(3)  , c o n s i s t i n g  of hoop-spokes i n  t h e  
same p lane  as t h e  wheel r i m .  (F igure  1 2 ) .  However, t h i s  con- 
f i g u r a t i o n  provides  l ess  l a t e r a l  load f l e x i b i l i t y ,  necessary  t o  
cush ion  t h e  v e h i c l e  r i d e  over s i d e - s l o p e s ,  t h a n  does t h e  
t o r o i d a l  c o n f i g u r a t i o n .  The RPI  wheel p e r m i t s  more hoop-spokes 
t o  f i t  t h e  geometry of  a given wheel s i z e ,  p rov id ing  more 
uniform wheel c h a r a c t e r i s t i c s ,  w h i l e  ma in ta in ing  an  e q u i v a l e n t  
wheel- torque c a p a c i t y .  Each t o r o i d a l  spoke c a r r i e s  a smaller 
load  t h a n  each of t h e  planar  hoop-spokes, and  can t h e r e f o r e  be 
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t h i n n e r .  Thus, a l though t h e r e  are more spokes i n  t h e  t o r o i d a l  
wheel,  t h e  weight i s  not i nc reased .  A major problem w i t h  both  
p l a n a r  hoop-spoked wheels and "spiral-spoked" wheels proposed 
by o t h e r s  (Figure 13)  i s  t h a t  rocks  and g r a v e l  would become 
wedged a t  t h e  p o i n t s  where t h e  spokes were a t t a c h e d  t o  t h e  r i m ;  
as t h e  wheel was d e f l e c t e d  under load ,  t h i s  d e b r i s  would damage 
t h e  wheel due t o  t h e  c rush ing  a c t i o n  of  t h e  spokes.  S ince  t h e  
hoop expans ion  o f  t h e  t o r o i d a l  wheel i s  i n  a d i f f e r e n t  p lane  
from t h e  r i m  d e f l e c t i o n ,  t h i s  problem i s  g r e a t l y  reduced. 

An a l t e r n a t i v e  d e s i g n  f o r  t h e  t o r o i d a l  wheel provides  
h inges  i n  t h e  r i m  midway between a d j a c e n t  hoop-spokes. T h i s  
f e a t u r e  permi ts  t h e  wheel t o  conform more c l o s e l y  t o  a rough 
s u r f a c e ,  i n c r e a s i n g  f o o t p r i n t  area and t r a c t i o n .  The s p r i n g  
c o n s t a n t  of  t h i s  f l e x u r e  hinge may be v a r i e d  i n  t h e  d e s i g n ,  t o  
provide  t h e  o p t i m a l  f l e x u r a l  c h a r a c t e r i s t i c s  f o r  t h e  spec i f ic  
wheel needed. 

4 .  MODELING 

4.1 P re l imina ry  Models 

To a i d  i n  t h e  des ign  o f  t h e  MRV a small sca le  model 
was c o n s t r u c t e d .  Weighted t o  p r o d u c e  t h e  d e s i r e d  c e n t e r  
of g r a v i t y ,  t h i s  c o n f i g u r a t i o n  model was r e v i s e d  s e v e r a l  
times as t h e  d e s i g n  was be ing  opt imized.  (F igure  1 4 ) .  

I n  a d d i t i o n  t o  i t s  va lue  a s  a d e s i g n  t o o l ,  t h e  
small model p r o v e d  h e l p f u l  . i n  c o m m u n i c a t i n q  t o  o t h e r s  
t h e  p a r t i c u l a r  c h a r a c t e r i s t i c s  and unique advantages of  
t h i s  MRV. A Mar t ian  t e r r a i n  model was designed and con- 
s t r u c t e d  i n c l u d i n g  s l o p e s ,  s t e p s ,  and c r e v a s s e s  on t h e  
same scale a s  t h e  model. An 8-mm animated f i l m  was t h e n  
prepared demonstrat ing t h e  proposed v e h i c l e  o p e r a t i o n  
w i t h  r e l a t i o n  t o  n ine  o b s t a c l e  n e g o t i a t i o n  s i t u a t i o n s ;  
t h e  f i l m  i l l u s t r a t e s  t he  four-wheel mode, t i l t - b a c k  
maneuver, three-wheel  mode, and deployment procedures .  
(F igures  15 and 1 6 ) .  . I  

Severa l  p l a s t i c  models of t h e  t o r o i d a l  wheel were 
cons t ruc t ed  t o  provide empi r i ca l  d a t a  t o  s u b s t a n t i a t e  t h e  
p r e d i c t e d  wheel  c h a r a c t e r i s t i c s .  Both hinged and s o l i d  
rim-spoke connec tors ,  and f l e x i b l e  cont inuous and hinged,  
segmented r i m s  were b u i l t .  The rim-spoke hinges were con- 
s i d e r e d  necessary  t o  provide a l a r g e  f o o t p r i n t  needed  f o r  
good t r a c t i o n  i n  so f t  s o i l ,  and t o  r e l i e v e  stresses due 
t o  moments on t h e  spokes d u r i n g  d e f l e c t i o n .  The hinged,  
segmented r i m  provided an  even b e t t e r  f o o t p r i n t  bu t  
g r e a t l y  l i m i t e d  t h e  w h e e l ' s  s t ep -c l imbing  c a p a b i l i t i e s  , 
a n  important  f e a t u r e  f o r  t h e  MRV;. therefore ,  a f l e x i b l e  
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cont inuous  r i m  w a s  chosen. 

4.2. MRV Dynamic Simulat ion Model 

To f u r t h e r  compare and . c o n t r a s t  t h e  MRV w i t h  t e s t e d  
LRV d e s i g n s ,  a more d e t a i l e d  a n a l y s i s  was necessary .  
Fo r  example, s t a b i l i t y  and payload a c c e l e r a t i o n  and 

. shock had t o  be determined f o r  a v a r i e t y  of speeds and 
t e r r a i n s  t o  p r e d i c t  a c c u r a t e l y  t h e  speed and t e r r a i n  
l i m i t a t i o n s  of  t h e  MRV on t h e  Mar t ian  s u r f a c e .  
v i d e  t h i s  d a t a  a dynamically s c a l e d  model of t h e  MRV w a s  
designed and f a b r i c a t e d  t o  s i m u l a t e  h e r e  on e a r t h  t h e  
dynamic response  of the a c t u a l  v e h i c l e  on Mars. (F igure  1 7 ) .  

To pro- 

The f i r s t  s t e p  of t h e  model des ign  was t h e  cho ice  o f  
scale. 
s i m p l e  spring-mass system, and t h e  phys ica l  laws o f  motion, 
scale r a t i o s  may be c a l c u l a t e d  f o r  l e n g t h ,  mass, and t i m e ,  
as f o l l o w s :  

Studying t h e  mathematical  r e l a t i o n s h i p s  f o r  a 

L e t :  

1 1 =  

M =  
v =  
w =  
g =  
k =  
T =  
t =  
d =  

a =  

s =  

v =  

l i n e a r  veh ic l e  dimension 
l i n e a r  s c a l e  f a c t o r ,  model : f u l l - s i z e  MRV 
mass 
volume 
weight 
g r a v i t a t i o n a l  a c c e l e r a t i o n *  
s p r i n g  cons tan t  
per iod  
t i m e  
d i s t a n c e  
v e l o c i t y  
a c c e l e r a t i o n  

* g on Mars = 12.3  f t / s e c 2 .  
**Subscript e r e f e r s  t o  dynamic model on E a r t h ;  s u b s c r i p t  m 

refers  t o  a c t u a l  MRV on Mars. 
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For simple spring-mass system: 

equil. 2.62 s 

Dynami c checks : 

. 2.62 s 3  ( s )  = 2.62 s 2  (s2) J 

0 
r n a m .  

X 

2.62 
- - -  de - 'e te 
dm 'm tm 

The l inear  scale  was chosen t o  be 1.84,'yi 'elding a model s i z e  
small enough fo r  indoor operation and  tes t ing  and  large enough t o  permit 
fabr icat ion.  (See Figure 18) .  The 6.21 pound model, 33-inches long, 
simulates the actual 1000 pound (ear th  weight) MRV which measures 14  
f e e t  - 11 inches in length. 
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Using t h e  weight breakdowns of s e v e r a l  proposed 
LRV's as guides ,  a d j u s t i n g  . for  t h e  change i n  g r a v i t y ,  a 
d e t a i l e d  weight breakdown estimate f o r  t h e  MRV was 
t a b u l a t e d .  Applying t h e  weight scale f a c t o r  t o  t h e s e  
v a l u e s ,  weights  were assigned t o  t h e  major e lements  o f  
t h e  model. This  assured t h e  c o r r e c t  weight d i s t r i b u t i o n  
as w e l l  as t h e  l o c a t i o n  o f  t h e  c e n t e r  o f  g r a v i t y ,  bo th  
necessa ry  f o r  correct dynamic s i m u l a t i o n .  

One of t h e  most d i f f i c u l t  problems t o  ar ise  from t h e  
model c o n s t r u c t i o n  was p rov id ing  t r a c t i o n  motors l i g h t  
and s m a l l  enough t o  be mounted i n  t h e  wheel hubs,  y e t  
powerful enough t o  provide t h e  to rques  necessa ry  t o  
s i m u l a t e  t h e  o b s t a c l e  n e g o t i a t i o n  c a p a b i l i t i e s  of  t h e  MRV. 
This  problem was solved by u s i n g  d r i v e  motors which pro- 
vided t h e  d e s i r e d  power, and mounting them on t h e  MRV 
c h a s s i s  , where t h e  weight and space  l i m i t a t i o n s  were less 
s t r ic t ;  f l e x i b l e  shaf t s  were used t o  t r a n s m i t  t o rque  t o  
t h e  wheels,  t h u s  achiev ing  t h e  same e f f e c t  and weight 
d i s t r i b u t i o n  as t h e  hub-mounted motors i n  t h e  f u l l  s i z e  
MRV. (Figure 1 9 ) .  The motors t hus  s i m u l a t e  t h e  weight 
of t h e  power, communications and s c i e n c e  payload of t h e  
a c t u a l  MRV. Two o t h e r  motors are mounted on t h e  c h a s s i s ;  
one t o  c o n t r o l  t h e  wagon s t e e r i n g  by means of  a zero-  
backlash  c a b l e  system, and t h e  o t h e r  t o  o p e r a t e  t h e  t ilt- 
back and level ing 'mechanism f o r  t h e  v e h i c l e  body. 

The suspens ion  components f o r  t h e  model were 
designed i n  such a way t h a t  they  could be in te rchanged  
wi th  o t h e r  elements t o  va ry  t h e  suspens ion  c h a r a c t e r i s t i c s  
d u r i n g  dynamic t e s t i n g .  S e p a r a t e  spring-tempered s t e e l  
leaf s p r i n g s  were i n s t a l l e d  f o r  h o r i z o n t a l  and v e r t i c a l  
d e f l e c t i o n s  of  a l l  four  w h e e l s .  (See F i g u r e  20 ) .  The 
s p r i n g  loaded t i l t - b a c k  s y s t e m  provides  a d d i t i o n a l  
f l e x i b i l i t y ,  a l lowing  t h e  heavy v e h i c l e  body t o  rock  f o r -  
ward due t o  a head-on c o l l i s i o n ,  r e v e r s e  a c c e l e r a t i o n ,  o r  
v e r t i c a l  j o l t  t o  e i t h e r  f r o n t  o r  rear wheels.  Shock 
dampers a r e  added t o  t h e  r e a r  v e r t i c a l  d e f l e c t i o n s  s p r i n g s  
and t o  t h e  v e h i c l e  t i l t - b a c k  system. 

A computer program was w r i t t e n  u s i n g  C a s t i g l i a n o ' s  
energy method t o  determine t h e  d e f l e c t e d  hoop-spoke s p r i n g  
c o n s t a n t s .  Graphica l ly  d e f l e c t i n g  t h e  wheel t o  a t t a i n  t h e  
d e s i r e d  f o o t p r i n t  , t h e  c a n t i l e v e r  and compressive 
d e f l e c t i o n s  were determined. Using t h e s e  and known 
e q u i l i b r i u m  wheel loads as i n p u t s  t o  t h e  computer program, 
y i e lded  t h e  necessary  dimensions of t h e  hoop-spokes. 
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The wheel hoop-spokes and r i m s  were cons t ruc t ed  of 
spring-tempered s tee l ;  t h e  h inges  were cons t ruc t ed  of 
untempered steel .  The whee-l t r e a d  was made from r idged  
rubber  s h e e t  and was designed t o  be e a s i l y  replaced by 
v a r i o u s  o t h e r  wheel cleat bands,  which might prove more 
e f f e c t i v e  d u r i n g  t e s t i n g .  (F igure  2 1 ) .  

The v e h i c l e  s c a l e  p r o h i b i t e d  an  on-board power 
supp ly ;  t h e r e f o r e ,  i t  was convenient  t o  c o n t r o l  as w e l l  
as power t h e  v e h i c l e  through an  u m b i l i c a l  c a b l e .  A l l  
f o u r  motors can be i n d i v i d u a l l y  c o n t r o l l e d .  
swi t ches  on t h e  veh ic l e  can be a c t i v a t e d  t o  a u t o m a t i c a l l y  
l e v e l  t h e  v e h i c l e  c h a s s i s  on s l o p e s .  

Mercury 

5. CLOSURE 

A comprehensive t e s t i n g  program i s  i n  t h e  p lanning  stages.  
A dynamic a n a l y s i s  w i l l  be developed and compared wi th  t h e  
t es t  r e s u l t s  from t h e  dynamic model. Th i s  w i l l  a id  o p t i m i z a t i o n  
o f  t h e  wheel and suspension des igns  and v e h i c l e  s t r u c t u r a l  
d e s i g n .  A l s o ,  t h e  dynamic environment of t h e  ins t rument  package 
t o  be carried by t h e  v e h i c l e  w i l l  be determined,  t h u s  s p e c i f y i n g  
requi rements  such as t h e  shock r e s i s t a n c e  o f  s c i e n c e  components. 
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FIGURE 6: MRV TILT-BACK F”,APiEUVER (CG SHIFTS AS PIVOTS)  FOR!*!ARD STRUCTURE 



I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
I 
1 
I 
I 
I 
I 
I 
I 

" 0  3 c  

" H  I- 
I 3  m o  Y 

.. 
h 

W 
fY 
3 
c3 

LL 
H 



-I 
W > 
W 
J 

W a: 
v) 
W 

n 

U 

n 

I 
I 



I 

1 

I 

.. 
. . .. 

‘ t  

1 - -  .. 
O-l 

U 



, 

. .  

LLJ 
c- ; 

. .  

W 
-1 u 
I 
W > 
-1 
4: 
I- 
O 
k 

H 

d- 

- .  



. .  
.* 

. .  . 

-1 
W 
W 
I 
3 

I 
W 
W 
05 
L 
I- 

.. 
v) 

z 
3 
0 

a 

m 
> 
i- 
--I 

C Y  
4 
t- 
(/f 

H 

H 

.. 
a 
0 

W 
cf 
3 
0 
L 

c 

. 

I 
-1 
w 
W 
X 
3 
A 
W . >  
3 
v, 

LL 
0 

U 

i 



I 

0 
0 
L 

a 

5 
c3 

W 
H 

U 

-I 
W 
w 
I 
3 
n 

a 

W 
Y 
0 
v, 

l a 
0 
0 2z 
-I 

25 
s H 
0 
I- 

.. 
I-- 
I-- 

W lx 
=> 

L L  

h 

z 
W 
W 

L 
H 
v) 

p: 
0 
LL 



. .  

1 
1 .- 
I 
1 
I 
1 
I 
I 
I 
I '  

. .  

. .  

H 
LL 

-J 
w 
I U  
X. 

-I ==c 
V 

a 
2- 
I- 

U 

.. 
N 

w e 
3 
c3 
n 
LL. 

c 



I 



I 
I 
I 
I 
I 
I 

I 
1 
1 

I 
1 
I 
I 
1 
I 

.. 
W 

W 
p: 
=> 
CY 
LL 

F 

H 

w 
A 
0 

v) 
m 
0 
LL 
0 
z 
I- 

3 

E 
s 
U 
p: 
I- x w 



1 
I 
I 
1 
I 
I 

i 
I 
1 
1 
I 
1 
i 
I 
1 

I 

z 
w 
-1 

W 
J 
V 

I w > 
W 
N 

v, 

J 
J 
3 
LL 
W 
I 
I- 
LL 
0 
W 
v, z 
0 

v, 
W 
pr: 

V 

E 

>- 

G 
W 

H 

U 

n 

U 

P 
n 
n z 
": 
v) cz 
W > 
3 
w z 
f 

W 
-1 

I- 
v, 
0 
I 
W 
I c 
r: 

U 

s 
L L  

0 
w 
v, 
0 
-1 u z 
w 

>- 
0 

W 
A 
V 

I 
W > 
J 

m 

n 
m 

U 

3 
t; 
": 
LL 
0 
W 
P 

v, 

I- 
v, 
W a cs =r 
v, 

v, 
A 
W z 

s 

2 
W 

v, 

v) < 
A 

x 
W 
-1 

n 
U 

E 

a 



I i  
i 
I 

f 
I- el z 
W 
-I 

c) W 
k- s 
l--4 

cy 
n 1 

I 
1- 
I 
I 
I 
I ' 
1 
I 
I 
1. 

M 

e 
0 
LL 

0 
E- 

t- 
-T a 
IJ 
k - 4  

w 

0 
0 
I- 

CJ 
C' 
t- 

0 
0 
t -  

.J 
LlJ 

-J 
W 

0 
2: 

n L7 
0 r 

1 I 

3: 
l- a 
2 
W 
-1 

t- .r a 
r? 

H 

a 

. 



I 
I 

I I 
1 

- 

w r =x 
v, 
W > 
W 

I 
V 
4: 
0 
I- 
> 
0 

W 
J 
V 

I 
w > 

U 

n 
m 

U 

z 
I 
I- 

3 
U 

n 
W 
I- z 
=l 

W 
p: 
4: 
tn 
CY z 
s2 

t s 
..) 
tn 

v, 
w 
J 

x 
W 
J 
LL 

I a 
3 

I 
I- 
tn 
J 
W 
W 
I 
3 

m 
H 

22 



I 
I 
1 
I 
1 

. .. 
. - -  

n or: 
cc E5 

w 
Iy 
fl 
ul 

m 
I- 
t*: z 

0 
H 

I- 
V 
W n 

z 
3 
0 
I 
to 

I -  z 
0 c% 
LL 

LIJ 

CY 
0 

n LL 
0 

z 
0 
H 

v, 
m 
4 

u 

>L 
V 
0 
X 
v, 

z 
N 
0. 
v, 

b-8 v) rx 
L.LJ 

LLJ 
N 
0 
LL 

m 
f X  
0 
v, 

z 
0 
H 

W 
LK 
I- c3 

z 
I- 
V 
W 
--I 

z 
H 
v 

H e 
a 
v, 

t- 
--I 

I- 
> 
c3 
0 

H 

m 

k- 
0 > 

w 
I- 
1y 
W z 

b-.' 

cx 
0 
I 

U 
u 



=c 
= 
0 
-I 
-I =c 
X u 
U 
I 
3 
v) w a z 
3 
-I 

U 

s 
v, 

X 

3 

W z 
0 
3 

W 
ei < 
z 
ei 

t; 
a 

H 

H 

n 
2 
v) 
W 
Y 
0 

v, 
I 

0 
0 
I 
w 
I 
I- 
d 
W 

n 

n 

5 
n 
w 
ci 
w 
n 

I- 
z 


